During endochondral bone formation, chondrocyte hypertrophy represents a crucial turning point from chondrocyte differentiation to bone formation. Both parathyroid hormone-related protein (PTHrP) and histone deacetylase 4 (HDAC4) inhibit chondrocyte hypertrophy. Using multiple mouse genetics models, we demonstrate in vivo that HDAC4 is required for the effects of PTHrP on chondrocyte differentiation. We further show in vivo that PTHrP leads to reduced HDAC4 phosphorylation at the 14-3-3-binding sites and subsequent HDAC4 nuclear translocation. The Hdac4-KO mouse shares a similar but milder phenotype with the Pthrp-KO mouse, indicating the possible existence of other mediators of PTHrP action. We identify HDAC5 as an additional mediator of PTHrP signaling. While the Hdac5-KO mouse has no growth plate phenotype at birth, the KO of Hdac5 in addition to the KO of Hdac4 is required to block fully PTHrP action on chondrocyte differentiation at birth in vivo. Finally, we show that PTHrP suppresses myocyte enhancer factor 2 (Mef2) action that allows runtrelated transcription factor 2 (Runx2) mRNA expression needed for chondrocyte hypertrophy. Our results demonstrate that PTHrP inhibits chondrocyte hypertrophy and subsequent bone formation in vivo by allowing HDAC4 and HDAC5 to block the Mef2/Runx2 signaling cascade. These results explain the phenotypes of several genetic abnormalities in humans.
Introduction
Most of the vertebrate skeleton is generated by endochondral bone formation, in which growth plate chondrocytes direct subsequent bone formation (1) . The developing growth plate has 3 morphologically distinct layers of chondrocytes: round chondrocytes, flat columnar chondrocytes, and hypertrophic chondrocytes (Supplemental Figure 1 , A and B; supplemental material available online with this article; https://doi. org/10.1172/jci.insight.97903DS1) (2, 3) . Round chondrocytes and flat columnar chondrocytes both proliferate in fetal life. Flat columnar chondrocytes increase their rate of proliferation an then stop proliferating and enlarge many fold to become hypertrophic chondrocytes. The fetal growth plate is surrounded by perichondrium, in which immature osteoblast precursors (cells expressing type II collagen [4] , and then nestin [5] and osterix [6] ) respond to signals from prehypertrophic and hypertrophic chondrocytes to become osteoblasts (Supplemental Figure 1B) .
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chondrocyte hypertrophy in the growth plate (13) . The heterozygous (HET) Pthrp-Tg (Pthrp-Tg/+) mouse has only round chondrocytes in all the long bones up to 1 week after birth, and subsequent bone formation is also severely delayed (Supplemental Figure 1C) .
The class I histone deacetylase (HDAC) proteins (HDAC1, -2, -3, and -8) are ubiquitously expressed nuclear enzymes that exhibit HDAC activity. Histone deacetylation leads to chromatin condensation and subsequent transcriptional repression. In contrast, the class IIa HDAC proteins (HDAC4, -5, -7 and -9) are expressed in specific tissues and exhibit only minimum HDAC activity (14) . In addition to the variant HDAC domain, the class IIa HDAC proteins have a characteristic N-terminal extension, with conserved binding sites for 14-3-3 proteins and for transcription factors, such as myocyte enhancer factor 2 (Mef2) (14) . When bound by 14-3-3 proteins in the cytoplasm, the class IIa HDAC proteins do not block the transcriptional activity of Mef2 in the nucleus. Thus, the class IIa HDAC proteins, through release from 14-3-3 proteins and nuclear translocation, act as negative regulators of nuclear Mef2 (15) . As expected from the crucial actions of Mef2 in skeletal and cardiac muscle, the KO mouse for the class IIa HDAC proteins, Hdac5 (16), Hdac7 (17) , and Hdac9 (18), exhibited cardiovascular phenotypes. However, the Hdac4-KO mouse unexpectedly exhibited a lethal phenotype in chondrocytes, characterized by rib chondrocyte hypertrophy and mineralization that do not occur in WT mice (19) .
A subsequent mouse genetic study found that Mef2 induces chondrocyte hypertrophy (20) . PTHrP regulation of the HDAC4/Mef2 interaction was then shown in an in vitro study using cultured chick primary chondrocytes (21) . In humans, haploinsufficiency of PTHRP (22) or of HDAC4 (23) causes the skeletal dysplasia, brachydactyly type E, suggesting a functional linkage between PTHrP and HDAC4. However, a direct test of this functional relationship has not been made in vivo.
In the present study, we demonstrate in vivo that HDAC4 is required for the effect of PTHrP on chondrocyte differentiation. We show in vivo that PTHrP action leads to lower HDAC4 phosphorylation and induces subsequent nuclear translocation of HDAC4 protein. However, our mouse models demonstrate that HDAC4 is not the sole mediator of PTHrP signaling. We identified HDAC5 as an additional mediator of PTHrP signaling in chondrocytes, though the Hdac5-KO mouse has no growth plate phenotype when HDAC4 is present. We further found that the actions of PTHrP on HDAC4 suppress Mef2 action; this action of Mef2 otherwise would allow runt-related transcription factor 2 (Runx2) expression that is needed for chondrocyte hypertrophy. We have thus identified a crucial signaling pathway that regulates chondrocyte differentiation in mice and humans.
Results
Accelerated chondrocyte differentiation in the Hdac4-KO skeleton is a milder form of that in the Pthrp-KO skeleton. If HDAC4 is a mediator of PTHrP signaling in chondrocytes, then the Pthrp-KO mouse and the Hdac4-KO mouse should exhibit a similar skeletal phenotype. We compared two representative regions of growth-associated chondrocytes: the growth plate in the proximal tibia and the anterior rib cartilage. In the newborn Pthrp-KO mouse, the distance from the top of the growth plate to the beginning of the hypertrophic layer (shown by black lines in Figure 1A ) was extremely short due to the accelerated chondrocyte hypertrophy ( Figure 1A, 35 .3% of the WT controls). The Hdac4-KO mouse displayed a similar but milder phenotype at birth ( Figure 1A , 64.1% of the WT controls).
The Pthrp-KO mouse died immediately after birth due to chondrocyte hypertrophy and mineralization in the anterior rib cartilage, where it is not normally found, and the consequent small rib cage ( Figure 1A , black arrows). In contrast, the Hdac4-KO mouse had normal rib cartilage differentiation at birth ( Figure  1A ). Progressively accelerated rib chondrocyte hypertrophy starts at P2 (19) . We observed the presence of widespread hypertrophic chondrocytes in the anterior rib cartilage of the Hdac4-KO mouse at P8 ( Figure  1B , black arrows). Consistent with the progressive rib chondrocyte hypertrophy, the Hdac4-KO mouse died between P10 and P14. The phenotype similar to that of the Pthrp-KO mouse supports the hypothesis that HDAC4 mediates PTHrP signaling. However, the milder phenotype of the Hdac4-KO mouse also suggests the possible existence of other mediators of PTHrP signaling in the Hdac4-KO mouse.
The chondrocyte phenotype in the universal Hdac4-KO mouse depends only on HDAC4 KO in chondrocytes. To exclude the possibility that systemic effects caused by loss of HDAC4 in other organs have an important contribution to the chondrocyte phenotype in the universal Hdac4-KO mouse, we generated a chondrocyte/ bone-specific conditional Hdac4-KO mouse using the type 2 collagen-Cre mouse (24) and the Hdac4-floxed mouse (25) . The type 2 collagen-Cre that we used is active in chondrocytes and perichondrial cells, leading to loss of Hdac4 from chondrocytes and osteoblasts, and avoids widespread KO of Hdac4 in other cell types. The chondrocyte/bone-specific conditional Hdac4-KO mouse (Col2-Cre: Hdac4 fl/fl ) exhibited a shorter proliferating region in the tibial growth plate ( Figure 1C , black lines, 62.8% of the Hdac4 fl/fl controls) and normal rib cartilage ( Figure 1C ) at birth, as seen in the universal Hdac4-KO mouse ( Figure 1A ). At P12, both KO mice shared a similar phenotype with the newborn Pthrp-KO mouse: extremely short tibial growth plate and extensive rib chondrocyte hypertrophy and mineralization that are not seen in the WT control (Figure 1D, black arrows) . The Col2-Cre: Hdac4 fl/fl mouse died around P14, as seen in the universal Hdac4-KO mouse. We next generated a late chondrocyte/bone-specific conditional Hdac4-KO mouse using the Osterix- , ****P = 3 × 10 -6 by the 2-tailed Student's t test, when compared with its corresponding WT measurement. A P value of less than 0.05 was considered significant. Black arrows indicate rib chondrocyte hypertrophy and mineralization that do not occur in the WT controls. Scale bars (red lines): 500 μm.
Cre (Osx-Cre) mouse (26) . The Osx-Cre that we used is active in hypertrophic chondrocytes, perichondrium, and osteoblasts. In contrast to the Col2-Cre:Hdac4 fl/fl mouse, the Osx-Cre:Hdac4 fl/fl mouse exhibited a normal phenotype in the growth plates and bones (Supplemental Figure 2) . The Osx-Cre: Hdac4 fl/fl mouse can survive until adulthood with a normal body. This result demonstrates that the chondrocyte phenotype in the universal Hdac4-KO mouse depends only on proliferating chondrocytes.
We did not obtain this straightforward result with our initial experiments. At the fifth generation of backcrossing of the original Hdac4-floxed mice (mixed genetic background) to the C57BL/6 mice, the chondrocyte-specific conditional Hdac4-KO mice showed a clear phenotype only in the growth plate chondrocytes of the limbs but not in the rib chondrocytes. We could observe the rib phenotype only after we backcrossed for 10 generations. This finding emphasizes the importance of uniform genetic background when interpreting the effects of specific mutations.
PTHrP and HDAC4 work through a common pathway. To examine whether PTHrP and HDAC4 work through a common pathway, we next analyzed the mouse doubly HET for Pthrp and Hdac4. Both single HET mice have growth plates of normal length (Figure 2A, black lines) . If PTHrP and HDAC4 work independently, then the double-HET mouse should also have a normal growth plate. However, the double-HET mouse showed a significantly shorter proliferating region (Figure 2A , black line, 85.4% of the WT controls), which could result from lower PTHrP action in the growth plate. The phenotype of the double-HET mouse was mild but nevertheless similar to that of the individual KO mice ( Figure 1A ). This experiment indicates that PTHrP and HDAC4 repress chondrocyte hypertrophy though a common pathway.
As a more stringent genetic test of whether PTHrP action requires HDAC4 activity, we deleted the Hdac4 gene in the Pthrp-Tg/+ mouse. If HDAC4 mediates PTHrP signaling, the Hdac4 deletion should modify the PTHrP-Tg phenotype. Even the HET deletion of Hdac4 partially blocks the PTHrP-Tg phenotype at birth ( Figure 2B , Hdac4-HET: Pthrp-Tg/+ mouse). The tibia was 50% longer than that of the Pthrp-Tg/+ mouse, and we observed flat columnar chondrocytes and hypertrophic chondrocytes in the tibia ( Figure 2B , black arrow), findings that do not occur in the Pthrp-Tg/+ mouse at birth. These findings were confirmed by ISH for Indian Hedgehog mRNA (Ihh, a gene expressed in prehypertrophic and early hypertrophic chondrocytes) and type 10 collagen mRNA (Col10a1, a gene expressed in hypertrophic chondrocytes) ( Figure 2C) . Strikingly, the homozygous deletion of Hdac4 almost completely reversed the PTHrP-Tg phenotype. Unlike the Pthrp-Tg/+ control, the Hdac4-KO: Pthrp-Tg/+ mouse exhibited a distinct growth plate, bone, bone marrow, and a tibia of normal length at birth ( Figure 2B ). This result clearly demonstrates that HDAC4 is required to mediate PTHrP signaling. However, the Hdac4-KO: Pthrp-Tg/+ mouse is not exactly the same as the Hdac4-KO mouse, as would be expected if HDAC4 were the sole mediator of PTHrP signaling. The Hdac4-KO: Pthrp-Tg/+ mouse exhibited an extremely long hypertrophic layer ( Figure 2B , black line) and a longer tibia than the Hdac4-KO mouse at birth, suggesting that PTHrP must induce these differences through other mediators.
At E17.5 we saw more obvious differences between the Hdac4-KO mouse and the Hdac4-KO: PthrpTg/+ mouse. The longer proliferating zone in the Hdac4-KO: Pthrp-Tg/+ mouse (Supplemental Figure 3 , black line) represents delayed chondrocyte hypertrophy due to greater PTHrP action through mediators other than HDAC4. In the Hdac4-KO: Pthrp-Tg/+ mouse, the hypertrophic region occupied the central region and bone formation started from both perichondria (Supplemental Figure 3 , black arrows). The long hypertrophic layer in the Hdac4-KO: Pthrp-Tg/+ mouse at birth probably reflects the earlier delay in the separation of the hypertrophic regions.
We wanted to exclude an alternative explanation of our findings -if the deletion of Hdac4 lowered the activity of the type 2 collagen promoter in the Pthrp-Tg/+ mouse, then the consequent reduced PTHrP overexpression might lead to the observed phenotypes. To exclude this possibility, we examined Pthrp mRNA expression levels by ISH. The Pthrp-Tg/+ mouse overexpressed human PTHrP (amino acids 1-141) protein (13) . The human PTHrP (amino acids 1-141) region has 7 mismatches with mouse PTHrP in the amino acid sequence but has 55 mismatches in the DNA sequence. Because our mouse Pthrp cRNA probe did not detect human Pthrp mRNA in the Pthrp-Tg/+ mouse, we generated a human Pthrp cRNA probe. Then, we confirmed that the HET or homozygous deletion of Hdac4 did not lower the human Pthrp mRNA overexpression in the proliferating chondrocytes ( Figure 2D ). Thus, our results are most consistent with a model in which the Hdac4 deletion blocks the actions of PTHrP.
PTHrP signaling reduces HDAC4 phosphorylation. To investigate the molecular mechanisms underlying the effects of PTHrP signaling on HDAC4, we examined in vivo whether PTHrP regulates the phosphory-lation status of HDAC4 protein at three 14-3-3-binding sites. A previous in vitro study using overexpressed HDAC4 protein in chick primary chondrocytes demonstrated that acute treatment with either PTHrP or forskolin leads to markedly decreased phosphorylation of HDAC4 protein specifically at the first 14-3-3-binding site, while phosphorylation at the other two sites was not significantly altered (21) . To analyze PTHrP action in vivo, we manually microdissected proliferating chondrocytes from the proximal tibial growth plates at birth (see Methods), and then we examined the degree of HDAC4 phosphorylation by Western blots, using antibodies that detect the site-specific phosphorylation (21, 27) The first antibody we used recognizes the first phospho-HDAC site on HDAC4 (Ser246), HDAC5 (Ser259), andHDAC7 (Ser155) (the indicated residues represent those in the human HDAC4 protein). The residues in mouse HDAC4 protein are HDAC4 (Ser245), HDAC5 (Ser250), and HDAC7 (Ser178)). This antibody detects 2 bands on Western blots of chondrocytes from the proliferative region of the growth plate at birth ( Figure 3 , A and C). Recently, the manufacture (Cell Signaling Technology) changed the assignment of the upper band from phospho-HDAC4 (Ser246) alone to a combination of phospho-HDAC4 (Ser246) and phosho-HDAC5 (Ser259). In our laboratory, we have confirmed these new assignments using analogous Western blots from an HDAC4-and HDAC5-ablated osteocyte cell line (T. Sato and M. Wein, unpublished data).
First, we compared the phosphorylation of the first 14-3-3-binding site among the Pthrp-Tg/+ mouse, the Pthrp-KO mouse, and their WT controls. Though we cannot analyze the phosphorylated HDAC4 (Ser245) alone, we observed the significantly reduced phosphorylation levels of HDAC4 (Ser245) and HDAC5 (Ser250) at the first 14-3-3-binding site in the Pthrp-Tg/+ mouse compared with the levels in the WT controls ( Figure 3 , A and B; P = 0.03), a finding consistent with that in our previous in vitro study (21) . HDAC4 phosphorylation at this site is significantly higher in the Pthrp-KO mouse compared with that in the WT controls ( Figure 3 , A and B; P = 0.03). The total HDAC4 protein levels were not altered among Pthrp-Tg/+, Pthrp-KO, and their WT controls ( Figure 3, A and B) .
Next, we compared HDAC4 phosphorylation levels at all the 14-3-3-binding sites between the Pthrp- , *****P = 5 × 10 -5 by the 2-tailed Student's t test. (E) Representative IHC images by confocal microscopy (original magnification, ×620). Round chondrocytes in the proximal tibial growth plates at birth: green (HDAC4) and blue (DAPI, nuclear stain). (F) Average ratio of total HDAC4 intensities in nuclei to those in whole cells (mean ± SEM, n = 5, biological replicates). The ratio for Pthrp-Tg/+ cells was 50.7% ± 2.4% and for Pthrp-KO cells was 38.4% ± 1.3%. The detailed calculation is shown in Supplemental Figure 4B and Supplemental Table 1 . *P < 0.0001 by random intercept linear mixed-effects model (SAS Institute). A P value of less than 0.05 was considered significant (B, D, and F).
Tg/+ mouse and the Pthrp-KO mouse at birth. We prepared 4 sets of Pthrp-Tg/+ mice (Tg4, Tg5, Tg6, and Tg7) and Pthrp-KO (KO4, KO5, KO6, and KO7) mice for the statistical analyses (Tg4-Tg7 and KO4-KO7: n = 4, biological replicate). We observed the most reduced HDAC4 phosphorylation at the first 14-3-3-binding site in the Pthrp-Tg/+ mouse, while we also detected lower levels of HDAC4 phosphorylation at the second and third binding sites (HDAC4 (Ser465) and HDAC4 (Ser629) (Ser467 and Ser632 in human HDAC4 protein, respectively) ( Figure 3C and Supplemental Figure 4A ).
To calculate the average band intensities, we performed 2 independent Western blots for these 8 samples. Total HDAC4 protein levels were not altered by PTHrP status when they were normalized to the levels of β-actin ( Figure 3D ). By normalizing the levels of phosphorylated HDAC4 protein to that of total HDAC4 protein, we found the most significant changes at the first 14-3-3-binding site, but the changes at the other two sites were also significant ( Figure 3D ). This result demonstrates that PTHrP signaling leads to reduced levels of HDAC4 phosphorylation at three 14-3-3-binding sites in vivo.
PTHrP signaling promotes HDAC4 nuclear translocation. When intracellular signals lead to a decrease in the level of phosphorylation of the 14-3-3-binding sites, the class IIa HDAC proteins are released from 14-3-3 proteins and then move into the nucleus (21) . To demonstrate HDAC4 nuclear translocation induced by PTHrP signaling in vivo, we compared the intracellular HDAC4 localization between the Pthrp-Tg/+ mouse and the Pthrp-KO mouse by IHC, focusing on round proliferating chondrocytes in the proximal tibial growth plate at birth. Using confocal microscopy, we observed intense nuclear HDAC4 signals in the Pthrp-Tg/+ mouse. In contrast, HDAC4 signals appear lower in nuclei but higher in the cytoplasm in the Pthrp-KO mouse ( Figure 3E ).
For a quantitative assessment of the intracellular localization of HDAC4 protein, we established a method to calculate HDAC4 signal intensities in the nuclei and those in the whole cells by 3-color IHC (for HDAC4, nuclei, and whole cell) (see Methods, Supplemental Figure 4B , and Supplemental Table 1 ). We analyzed confocal images of the round proliferating chondrocytes in the proximal tibial growth plate (Supplemental Table 1 ; total cell number analyzed: Tg = 5,468, KO = 4,692) using 5 sets of the Pthrp-Tg/+ mice (Tg8, Tg9, Tg10, Tg11, and Tg12) and the Pthrp-KO mice (KO8, KO9, KO10, KO11, and KO12) at birth (Tg8-Tg12 and KO8-KO12: n = 5, biological replicates). The average ratio of total HDAC4 signal intensities in the nuclei to those in the whole cells was significantly higher in the Pthrp-Tg/+ mouse ( Figure  3F , Pthrp-Tg/+: Pthrp-KO = 50.7% vs. 38.4%; P < 0.0001), supporting the hypothesis that PTHrP increases HDAC4 nuclear translocation. 
Identification of HDAC5 as an additional mediator of PTHrP signaling in chondrocytes.
To identify additional mediators of PTHrP signaling that might work in the Hdac4-KO mouse, we focused on other class IIa HDAC proteins, namely HDAC5, HDAC7, and HDAC9. We hypothesized that the common N-terminal extension among the class IIa HDAC proteins might be regulated by PTHrP signaling, as we observed with HDAC4 ( Figure 3 and Supplemental Figure 4A ).
In microarray analysis using manually microdissected proximal tibial growth plates of newborn WT mice (see Methods), Hdac5 mRNA and Hdac7 mRNA showed similar expression levels to those of Hdac4 mRNA, but the expression levels of Hdac9 mRNA were at background levels (Table 1) .
Then, we analyzed the homology of HDAC4 protein to HDAC5 or HDAC7. First, we focused on the conservation of the 14-3-3-binding motifs (Figure 4, top) . Between HDAC4 and HDAC5, we found a perfect match at the first binding site and one mismatch at the second or the third binding site. Between HDAC4 and HDAC7, we found two more mismatches: one mismatch at the first or the third binding site and two mismatches at the second binding site (Figure 4) . We also analyzed the homology in the whole N-terminal extension domain that is characteristic for class II HDAC family proteins. We found higher homology between HDAC4 and HDAC5 than between HDAC4 and HDAC7 (49.7% vs. 26.9%) in contrast to the similarity in the C-terminal HDAC domain (73.6% vs. 67.6%) (Figure 4, bottom) . Taken together, we investigated HDAC5 first, which has higher homology to HDAC4 in protein sequence compared with HDAC7.
We first analyzed the Hdac5-KO mouse at birth but found a normal phenotype in the rib chondrocytes, tibial growth plate, and whole tibia ( Figure 5 , A and C), a finding consistent with the previous report showing normal growth of the Hdac5-KO mouse (16) . Next, we analyzed mice with mutations in both Hdac4 and Hdac5. Surprisingly, the Hdac4-KO: Hdac5-HET (4KO: 5HET) mouse died immediately after birth. The rib phenotype of this mouse was similar to that of the Pthrp-KO mouse, with dramatically accelerated chondrocyte hypertrophy ( Figure 5A ). This finding is consistent with the notion that HDAC5 mediates PTHrP signaling to suppress chondrocyte hypertrophy in the Hdac4-KO mouse. The Hdac4 and Hdac5 double-KO mouse died at birth with a more severe rib phenotype than that of the Pthrp-KO mouse ( Figure 5A ) and thus had a phenotype similar to that of the PTH/PTHrP receptor-KO mouse (28) . The phenotype in the Hdac4 and Hdac5 double-KO mouse supports the hypothesis that both of these class II HDAC proteins are necessary for PTHrP signaling to efficiently block the initiation of chondrocyte hypertrophy.
ISH for marker genes in hypertrophic chondrocytes clearly provides molecular data that demonstrate the effects of Hdac5 deletion in the Hdac4-KO mouse. The newborn Hdac4-KO mouse and WT mouse do not express Col10a1 mRNA in anterior rib cartilage. However, the HET deletion of Hdac5 in the Hdac4-KO mouse leads to Col10a1 mRNA expression that resembles that of the Pthrp-KO mouse ( Figure 5B chondrocytes, showed high expression in anterior rib cartilage in both the WT mouse and the Hdac4-KO mouse ( Figure 5B , black arrows). The HET or homozygous deletion of Hdac5 in the Hdac4-KO mouse caused a dramatic decrease in Col2a1 mRNA expression, just as seen in the Pthrp-KO mouse ( Figure 5B ). The long bone phenotype in the Hdac4-KO: Hdac5-HET mouse was milder than that of the Pthrp-KO mouse, but the Hdac4 and Hdac5 double-KO mouse showed a phenotype similar to that of the Pthrp-KO mouse at birth ( Figure 5C ) and E18.5 (Supplemental Figure 5B) .
HDAC5 mediates PTHrP signaling when HDAC4 expression is low.
We further explored the relative actions of HDAC4 and HDAC5 in the setting of PTHrP overexpression in the growth plate. We first deleted the Hdac5 gene in the Pthrp-Tg/+ mouse. The HET or homozygous deletion of Hdac5 had no effects on the Pthrp-Tg/+ phenotype ( Figure 6A ), in contrast to the findings with the Hdac4 deletion in the Pthrp-Tg/+ mouse ( Figure 2, B and C) . Next, we deleted the Hdac5 gene in the Hdac4-HET: Pthrp-Tg/+ mouse. With HDAC4 expression limited, we found a stepwise acceleration of chondrocyte differentiation when the Hdac4-HET deletion was combined with the Hdac5-HET deletion and then the Hdac5-KO deletion (Figure 6B) . We confirmed that the Hdac4 and/or Hdac5 deletions did not lower Pthrp mRNA overexpression (Supplemental Figure 6A ). These results demonstrate that HDAC5 mediates PTHrP signaling, when the expression level of HDAC4 is low.
Further, we deleted the Hdac5 gene in the Hdac4-KO: Pthrp-Tg/+ mouse. Tg expression of PTHrP in the Hdac4-KO: Hdac5-HET mouse had only a modest effect on the growth plate, in contrast to the differences between the Hdac4-KO mouse and the Hdac4-KO: Pthrp-Tg/+ mouse ( Figure 6C ). The Hdac4 and Hdac5 deletions did not lower Pthrp mRNA overexpression in this mouse model (Supplemental Figure 6B) .
Importantly, we saw widespread Col10a1 mRNA expression in rib chondrocytes in the Hdac4-KO: Hdac5-HET: Pthrp-Tg/+ mouse despite PTHrP overexpression ( Figure 6D , black arrows on the right) in contrast to Note that Col10a1 mRNA expression seen on the left is in the sternum. The reproducibility of the phenotype was confirmed by 2 independent animals for each genotype. Scale bars (red lines): 500 μm. the absence of Col10a1 mRNA expression in ribs of the Hdac4-KO: Pthrp-Tg/+ mouse ( Figure 6D , left). We were unable to generate the Hdac4-KO: Hdac5-KO: Pthrp-Tg/+ mouse, given the small litter size in the PthrpTg background mice. Taken together, these ISH data provide molecular evidence that HDAC5 is an essential mediator of PTHrP signaling to repress chondrocyte hypertrophy in the Hdac4-KO mouse.
The Mef2/Runx2 signaling cascade is activated when PTHrP/HDAC4 actions are low. A previous study demonstrated using ISH that the KO of Mef2C in chondrocytes and osteoblasts using Twist2-Cre led to lack of the normal increase in Runx2 mRNA expression in the prehypertrophic region of the growth plates (20) . This result suggests that Mef2C is required, either directly or indirectly, for Runx2 expression, making Runx2 expression a readout of and likely contributor to Mef2C action (29) . We wondered whether Runx2, an essential transcription factor for differentiation of osteoblasts (30, 31) and chondrocytes (32) , contributes to chondrocyte hypertrophy in our mouse models.
We examined the role of Runx2 in chondrocyte hypertrophy using the Hdac4-KO mouse. A previous report showed that, in the Hdac4-KO mice, Hdac4 deletion leads to high Mef2C activity that subsequently induces rib chondrocyte hypertrophy and mineralization anteriorly, where this does not normally occur (20) . At P8, the Hdac4-KO mice exhibited substantial chondrocyte hypertrophy, in that way resembling the Pthrp-KO mouse ( Figure 1A and Figure 7A , black arrows). The HET deletion of Runx2 in the Hdac4-KO mouse abrogated chondrocyte hypertrophy at P8 ( Figure 7A , top middle), which enabled this mouse to survive longer with a normal rib phenotype ( Figure 7A, top right) . The HET deletion of Runx2 itself had no effects on the rib phenotype ( Figure 7A, bottom) . This experiment, combined with previous experiments (20) , indicates that Mef2 fails to induce chondrocyte hypertrophy when Runx2 expression is limited. Figure 7B summarizes the model resulting from our data and the previous manuscripts (20, 21) . PTHrP action increases HDAC4 nuclear translocation by decreasing phosphorylation of HDAC4 at the 14-3-3- binding sites. HDAC5 also mediates PTHrP signaling when HDAC4 expression is low. In the nucleus, HDAC4 and HDAC5 block the transcriptional activity of Mef2 through the Mef2-binding sites. Mef2 drives chondrocyte hypertrophy both by direct action and by activating Runx2 expression. Runx2 works downstream of HDAC4/Mef2 and HDAC5/Mef2 to drive chondrocyte hypertrophy. Taken together, we reveal the main signaling pathway that regulates chondrocyte hypertrophy.
Discussion
During endochondral bone formation, chondrocyte hypertrophy is a crucial turning point in which the differentiation program is switched from chondrocyte differentiation to bone formation. Chondrocyte hypertrophy is also an important component of bone lengthening. Hypertrophic chondrocytes provide crucial signals for vascular invasion and osteoblast differentiation (1, 4, 5, 6 ). As seen in the perinatal lethality of the Pthrp-KO mice (10), chondrocyte hypertrophy must be regulated properly to maintain normal bone development. The molecular mechanisms used by PTHrP to inhibit chondrocyte hypertrophy in vivo have not been previously identified.
Previous work from our coauthors, Elena Kozhemyakina and Andrew Lassar, established an in vitro model that PTHrP rapidly leads to lower levels of phosphorylation of HDAC4 in cultured cells, in association with movement of HDAC4 to the nucleus, where HDAC4 then binds to Mef2C and blocks activation of a Mef2C target promoter (21) . Here, we provide in vivo genetic evidence that HDAC4 is required for PTHrP action and that PTHrP action leads in vivo to underphosphorylation of HDAC4 and greater nuclear accumulation of HDAC4, with subsequent suppression of the expression of Collagen 10a1, a Mef2C and Runx2 target gene. Thus, the in vivo and in vitro data together strongly support the hypothesis that HDAC4 mediates PTHrP signaling in chondrocytes. Further, the in vivo data show that HDAC4 is not the sole mediator of PTHrP action. We found that, though the Hdac5-KO mouse does not have a bone phenotype at birth, HDAC5 is needed to mediate the action of PTHrP when HDAC4 is decreased or missing ( Figure  6, B-D) . We did not analyze Hdac4 and Hdac7 double-mutant mice to examine if HDAC7 also mediates PTHrP signaling. PTHrP signaling lowers the level of phosphorylation of the first 14-3-3-binding site of HDAC7 (Figure 3 , A and C, and Supplemental Figure 4A ), suggesting that PTHrP also lowers HDAC7 phosphorylation. However, HDAC7 alone cannot block accelerated chondrocyte hypertrophy in the Hdac4 and Hdac5 double-KO mouse at birth ( Figure 5 and Supplemental Figure 5, A and B) . In contrast, HDAC5 can block accelerated chondrocyte hypertrophy in the Hdac4-KO mouse at birth ( Figure 5 ). Thus, we concluded that HDAC4 and HDAC5 are the main mediators of PTHrP signaling in chondrocytes; we cannot exclude a role of HDAC7 as well.
We show that PTHrP signaling lowers phosphorylation of the 14-3-3-binding sites of HDAC4, particularly at residue Ser245 (Figure 3 , A-D, and Supplemental Figure 4A ), and increases nuclear localization of HDAC4 ( Figure 3, E and F ). An in vitro study using cultured chick primary chondrocytes provided evidence that PTHrP signaling activates protein phosphatase 2A (PP2A), a phosphatase that targets HDAC4-Ser245 (21) . We attempted to examine the role of PP2A, using metatarsal explants from the newborn Pthrp-Tg/+ mice treated with okadaic acid, to see if this PP2A inhibitor could stimulate chondrocyte hypertrophy as it stimulates Col10a1 mRNA expression in the in vitro study (21) . Unfortunately, okadaic acid was too toxic to the metatarsal explants to allow clear interpretation of results. Salt-inducible kinase 3 (Sik3) influences chondrocyte hypertrophy; the Sik3-KO mouse exhibits delay in chondrocyte hypertrophy (33) . An in vitro study analyzing overexpressed proteins in HEK293T cells demonstrated that Sik2 and Sik3 phosphorylate the 14-3-3-binding sites of HDAC4 and HDAC5 (34) . Further work will be needed to determine whether PTHrP regulates the phosphorylation of HDAC4 and HDAC5 by regulating kinases or phosphatases or both in vivo.
Further, we investigated mediators working downstream of the PTHrP/HDAC4/Mef2 pathway. A previous study showed that Runx2 mRNA expression is reduced in the prehypertrophic region of the growth plate when Mef2C was knocked out of chondrocytes and osteoblasts using Twist2-Cre, a finding consistent with the idea that, in chondrocytes, Runx2 expression reflects Mef2 action (20) . To test if Runx2 drives chondrocyte hypertrophy downstream of Mef2, we utilized the Hdac4-KO mouse as a genetic model for this functional analysis. In the Hdac4-KO mouse, higher Mef2 action by homozygous Hdac4 deletion leads to extensive rib chondrocyte hypertrophy, including in regions that do not normally become hypertrophic ( Figure 1 , B and D, and Figure 7A ). When the Hdac4-KO mouse was also made HET for Runx2, chondrocyte hypertrophy was completely blocked ( Figure 7A ). This result indicates the need for Runx2 expression to activate differentiation into hypertrophic chondrocytes in this setting.
Chondrocyte hypertrophy is regulated by the balance between transcriptional activation by Mef2C and repression by HDAC4 in the nucleus (20) . Using in vivo animal models, we demonstrated that a key determinant in this system is that PTHrP regulates the nuclear translocation of HDAC4. When PTHrP action is low, the lower nuclear distribution of HDAC4 allows Mef2 to increase Runx2 mRNA expression that subsequently induces chondrocyte hypertrophy.
The Pthrp-Tg/+ mouse is an animal model for chondrodysplasia characterized by short-limbed dwarfism (13) . In humans, Jansen-type metaphyseal chondrodysplasia, a rare form of short-limbed dwarfism, is caused by a constitutively active mutant PTH/PTHrP receptor (35) . In the present study, the delayed chondrocyte development in the Pthrp-Tg/+ mouse can be rescued by HET or homozygous deletion of Hdac4 ( Figure 2B ) or double-HET deletion of Hdac4 and Hdac5 ( Figure 6B ). HDAC4 and/or HDAC5 would be potential therapeutic targets for Jansen-type metaphyseal chondrodysplasia. Further, the brachydactyly exhibited by people with heterozygosity for expression of PTHrP (22), Gs α (36), or HDAC4 (23) suggests that the pathway analyzed here controls growth plate function in humans as well.
In this study, we provide in vivo genetic evidence to reveal the downstream mediators of PTHrP signaling in chondrocytes. We expect that our genetic and molecular analyses of the bones in vivo provide a possible molecular mechanism of PTHrP signaling that might contribute to actions of PTHrP in other target organs, such as teeth, mammary glands, skin and hair, blood vessels, placenta, and pancreas (37).
Methods
Mutant mice. The Pthrp universal KO mouse was generated by our group (10) . The other mutant mice were generated and provided as follows: Hdac4 universal KO mouse (19) , Hdac4-floxed mouse (25) , and Hdac5 universal KO mouse (16) Table 2A .
Each mutant mouse was backcrossed to the C57BL/6 WT mice (Charles River, strain code 027) for at least 10 generations. The mice were housed in the Center for Comparative Medicine at the Massachusetts General Hospital (MGH), with regular food and water, under regular housing conditions.
Antibodies. HDAC4 rabbit polyclonal antibody (Abcam, ab12172), Phospho-HDAC4 (Ser246)HDAC5 (Ser259)/HDAC7 (Ser155) rabbit mAb (Cell Signaling, 3443), Phospho-HDAC4 (Ser467) rabbit polyclonal antibody (27) (generated by T.P. Yao), Phospho-HDAC4 (Ser632) rabbit polyclonal antibody (Santa Cruz, sc-101691), β-actin rabbit mAb (Cell Signaling, 8457), Rabbit IgG-HRP goat secondary antibody (Santa Cruz, sc-2004), DIG-AP, Fab fragments sheep polyclonal antibody (Roche, 11093274910), Rabbit IgG (H+L), and Alexa Fluor 488 goat secondary antibody (Life Technologies, A11008).
Histology. We used formalin-fixed paraffin sections for the histological experiments in this study (H&E staining, ISH, and IHC). We fixed hind limbs and rib cages with 3.7% formaldehyde (MilliporeSigma, 252549)/PBS (pH 7.4) at 4°C for 2 days. Then, we decalcified the samples with 15% EDTA (pH 7.4) (MilliporeSigma, E9884) at 4°C for 1 day (E17.5, E18.5, and P0), 1 week (P8, P12), or 2 weeks (P21). After the paraffin processing and embedding, we cut 6-μm sections onto Superfrost Plus Microscope Slides (Thermo Fisher, 12-550-20) . Before each histological experiment, the slides were baked at 58°C for 30 minutes, deparaffinized by xylene (5 minutes for 3 times), and then rehydrated by ethanol (2 minutes in 100% ethanol for 2 times and then 2 minutes in 95% ethanol).
ISH. DIG-labeled complementary RNA (cRNA) probes were synthesized using DIG RNA-labeling mix (Roche, 11277073910) with T7 RNA polymerase (Roche, 10881767001) or SP6 RNA polymerase (Roche, 10810274001) according to the manufacture's protocol. After DNase (Promega, M6101) treatment and subsequent ethanol precipitation using LiCl (MilliporeSigma, L9650), we resuspended the cRNA pellet in 100 μl RNase-free water. The target regions of the cRNA probes are listed in Supplemental Table 2B .
For day 1 (pretreatment and hybridization), we modified a previously described protocol (38) . After baking, deparaffinization, and rehydration, the sections were subjected to fixation using 4% paraformaldehyde (PFA, Thermo Fisher, 416785000) for 10 minutes at room temperature, Proteinase K treatment (Thermo Fisher, 17916; 3 μg/ml in PBS, pH 7.4) for 10 minutes at room temperature, post-fixation by 4% PFA for 5 minutes at room temperature, and acetylation for 10 minutes at room temperature using 0.25% acetic acid and 0.1 M Triethanolamine (MilliporeSigma, A6404 and T1377) in Milli-Q water. Each step was followed by 2 PBS washes for 5 minutes. After the last PBS wash, the slides were immersed in 80% ethanol for 3 minutes and then air-dried briefly. We used 0.5 μl DIG-labeled cRNA probe per a slide with 300 μl hybridization buffer (50% Formamide [MilliporeSigma, F9037] For day 2 (washing and antibody incubation), we followed a previously described protocol (39), except we added a blocking step. After washing sequentially with SSC (2× SSC at room temperature for 30 minutes, 2× SSC at 60°C for 1 hour, and then 0.2× SSC at 60°C for 1 hour), we blocked the slides at room temperature for 1 hour using 5% heat inactivated sheep serum (MilliporeSigma, S3772) and 5% Blocking Reagent (Roche, 11096176001) in 100 mM Tris (pH 7.5)/150 mM NaCl buffer. Then, we incubated the slides with anti-DIG-AP antibody (1:2,500 dilution by the blocking buffer) at room temperature for 2 hours. After 2 washes with 100 mM Tris (pH 7.5)/150 mM NaCl buffer for 15 minutes and a subsequent wash with 100 mM Tris (pH 9.5)/100 mM NaCl/50 mM MgCl 2 buffer for 10 minutes, we incubated the sides with BM-Purple (Roche, 11442074001) at room temperature for 1-4 days until visible signals could be observed. We mounted the slides with Aqua-Mount Slide Mounting Media (Thermo Fisher, 13800) after fixing the slides with 4% PFA in PBS (pH 7.4) at room temperature for 30 minutes and washing subsequently by PBS.
Manual microdissection. We modified the protocol shown in ref. 40 . Hind limbs were embedded in O.C.T. compound (Sakura Finetek USA, 4583) on dry ice without fixation. The blocks were stored at -80°C until cryosectioning by Shandon Cryostat. We attached 4-6 cryosections (40-μm thick) on Superfrost Plus Microscope Slides and kept the slides in ice-cold 70% ethanol. After washing in Milli-Q water for 30 seconds, we stained a slide with 10% Harris Hematoxylin (Thermo Fisher, 245-677) for 30 seconds. After we washed the slide in Milli-Q water for 30 seconds, we immersed the slide in 3% glycerol solution (Thermo Fisher, BP-229-1) to keep the sections wet during manual microdissection. We placed a slide on a petri dish filled with ice and dissected the proximal tibial growth plates using 28-gauge needle under a dissecting microscope. Dissected sections were collected in Buffer RLT (Qiagen, RNeasy Mini Kit, 74104) for microarray analysis or in 4× Laemmli SDS sample buffer (Boston Bioproducts, BP-110R) for Western blot. To prepare 1 sample, we dissected 18-20 tibiae from the same litter for microarray analysis and 2 tibiae from the same mouse for Western blot.
Western blot. After freeze and thaw for 4 cycles (liquid nitrogen, 37°C water, and vortex for 1 minute) and subsequent sonication (intermittently for 20 seconds, twice), the whole cell lysates were separated by 10% SDS-PAGE gel (Expedeon, NXG01012 or NXG01027). We transferred the gel to a Hybond ECL nitrocellulose membrane (Amersham, RPN303D) at 120 V for 1.5 hours. After blocking with 5% BSA (Boston Bioproducts, P-753) in TBS-T (Tris-buffered saline with TWEEN 20, 50 mM Tris [pH 7.5], 150 mM NaCl, 0.05% TWEEN 20 [MilliporeSigma, P9416] ) at room temperature for 1 hour, we incubated the membrane in a sealer bag with primary antibody (1:1,000-3,000 dilution by the blocking solution) on a shaker at 4°C for overnight. After washing the membranes in TBS-T (10 minutes, 4 times), we incubated the membrane with secondary antibodies (1:5,000 dilution by TBS-T) at room temperature for 1 hour. After washing in TBS-T (10 minutes, 4 times), we incubated the membranes with ECL (Enhanced Chemi Luminescence) substrate (Thermo Fisher, 32109) at room temperature for 1 minute. We detected the signals by autoradiographic film (Lab Scientific, AR-ALF-2025). We analyzed the band intensities using Image Studio Lite version 5.0 (LI-COR Biotechnology).
IHC. We modified a protocol by Abcam (http://www.abcam.com/ps/pdf/protocols/ihc_p.pdf). After baking, deparaffinization, and rehydration, we retrieved antigens by boiling slides in a microwave oven for 10 minutes in 10 mM Tris/1 mM EDTA/0.05% TWEEN 20 (pH 9.0) buffer. After washing in running tap water for 5 minutes, we incubated slides with Protein Block (Abcam, ab64226) at room temperature for 1 hour. Then, we incubated slides at 4°C for overnight with anti-HDAC4 antibody (1:2,500 dilution by Antibody Diluent; Abcam, ab64211).
After washing with PBS 3 times, we incubated slides with Alexa Fluor 488 secondary antibody (1:400 dilution by Antibody Diluent) at room temperature for 2 hours. After washing with PBS, we stained with Cellomics Whole Cell Stains Red (Thermo Fisher, 8403401: 1:100 dilution by PBS) at room temperature for 30 minutes. After washing with PBS, we stained the slides with 300 nM DAPI (MilliporeSigma, D9542) at room temperature for 10 minutes and then washed with PBS for 3 times. We mounted the slides with Prolong Gold Antifade Reagent (Life Technologies, P36930) and no. 1.5 glass coverslips (Thermo Fisher, 12-544-E).
Confocal microscopy. We used the Zeiss LSM 510 Confocal Microscope system (a 488-nm argon ion laser for Alexa Fluor 488, a 405-nm diode laser for DAPI, a 633-nm Helium-Neon laser for Whole Cell Stain), with a ×63 oil objective lens, to observe fluorescent signals by IHC. We reduced the background signals by scanning sections using a small pinhole (8 μm). We used higher laser power to compensate the lower signal intensities associated with the small pinhole.
Microarray analysis. Affymetrix GeneChip analysis was performed using total RNA obtained by manual microdissection from the 3 layers of the proximal tibial growth plates in the newborn Black Swiss WT mice (Taconic). Total RNA was extracted using the RNeasy Mini Kit (Qiagen, 74104) with QIAshredder (Qiagen, 79654) and on-column DNase I treatment (Qiagen, 79254). The first-strand cDNA, the second-strand cDNA, and the biotin-labeled cRNA were synthesized by the GeneChip One Cycle Target Labeling kit (Affymetrix, 900493). After the cRNA fragmentation, we hybridized onto a GeneChip Mouse Genome 430 2.0 Array using the Affymetrix GeneChip Operating System. Biological triplicate data were normalized and combined using Rosetta Resolver software (Rosetta Biosoftware). The total data sets for the microarray analysis have been deposited in the Gene Expression Omnibus (GSE87605).
Quantitative analysis of the confocal images. To calculate the total HDAC4 signal intensities in nuclei and those in whole cells on the immunohistochemical images, we analyzed the intensities of 3 colors (HDAC4, DAPI, and whole cell stain) using image analyzing software, Volocity (PerkinElmer). We prepared paraffin sections of tibiae from 5 sets of the Pthrp-KO mice and the Pthrp-Tg/+ mice at birth. For each set of animals, we processed IHC and confocal microscopy together on the same dates. We captured multiple images from different areas in the round chondrocyte regions in the proximal tibial growth plate (6-17 images per each mouse). Each image has 80-120 cells that were scanned at random levels by the confocal plane. We assigned the total sum of HDAC4 signals in the HDAC4 and DAPI double-positive areas as the HDAC4 signal in the nuclear compartments in each image. Similarly, we assigned the total sum of HDAC4 signals in the HDAC4 and whole cell stain double-positive areas as the HDAC4 signal in the whole cellular compartments. To determine the threshold signal intensity for the positive area, we calculated the average background signal intensities in the extracellular regions. To calculate signal intensities in the double-positive areas, we used the intersect function of Volocity. We obtained similar average ratios of HDAC4 in nuclei versus whole cells by analyzing 5, 10, and 15 images from the same animal. Thus, we could get representative average ratios by analyzing at least 5 images (including 400-500 cells).
Statistics. For Figure 1 , A-C, we prepared 3 independent animals for each genotype (n = 3, biological triplicate). We measured the average length of the proliferating chondrocyte region using 9 different sections for each mouse. We compared the measurement of each genotype to that of its corresponding WT genotype with the 2-tailed Student's t test. A P value of less than 0.05 was considered significant.
For Figure 2A , we prepared 3 independent newborn litters that included every genotype (WT, Hdac4-HET, Pthrp-HET, and Hdac4 and Pthrp double HET) in the littermates (n = 3, biological triplicate). We measured the length of the proliferating chondrocyte region (shown by black lines in Figure 2A ) on 9 different sections for each mouse. Twenty-seven measurements from sections of each mouse were analyzed using a random intercept linear mixed-effects model (SAS Institute), a method to analyze multiple measurements with consideration of fixed effects and mixed effects. A P value of less than 0.05 was considered significant.
For Figure 3B , we prepared 3 sets of the Pthrp-Tg/+ mice, WT mice, and the Pthrp-KO mice at birth (n = 3, biological triplicate). We performed a Western blot for these 9 samples on the same gel ( Figure 3A ) to calculate the band intensities. HDAC4 was normalized to β-actin, and phosphorylated HDAC4 proteins were normalized to total HDAC4. We compared the measurement of each genotype to that of the WT genotype by the 2-tailed Student's t test. A P value of less than 0.05 was considered significant.
For Figure 3D , we prepared 4 sets of the Pthrp-Tg/+ mice and the Pthrp-KO mice at birth (n = 4, biological replicate). We performed 2 independent Western blots for 4 samples ( Figure 3C and Supplemental Figure 4A ) to calculate the band intensities. We also performed a Western blot for 8 samples on the same gel using β-actin antibody to adjust protein loading of the two different gels. HDAC4 was normalized to β-actin, and phosphorylated HDAC4 proteins were normalized to total HDAC4. Each P value was calculated using the 2-tailed Student's t test with Bonferroni correction. A P value of less than 0.05 was considered significant.
For Figure 3F , we prepared 5 sets of the Pthrp-Tg/+ mice and the Pthrp-KO mice at birth (n = 5, biological replicate). We captured multiple confocal images from different areas for each animal. We calculated the average ratios of the total nuclear HDAC4 to the total cellular HDAC4 for each image (Supplemental Figure 4B and Supplemental Table 1 ). Individual data for each animal were analyzed by the mixed-effects model described above for Figure 2A . A P value of less than 0.05 was considered significant.
Study approval. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at MGH. We performed all the mouse procedures in accordance with the IACUC regulations and guidelines.
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